Abstract: Large wood (LW) can lead to clogging at bridges and thus cause obstruction, followed by floodplain inundation. Moreover, colliding logs can cause severe damage to bridges, defense structures, and other infrastructure elements. The factors influencing spatiotemporal LW dynamics (LWD) during extreme floods vary remarkably across river basins and flood scenarios. However, there is a lack of methods to estimate the amount of LW in rivers during extreme floods. Modelling approaches allow for a reliable assessment of LW dynamics during extreme flood events by determining LW recruitment, transport, and deposition patterns. Here, we present a method for simulating LWD on a river reach scale implemented in R (LWDsimR). We extended a previously developed LW transport model with a tree recognition model on the basis of Light Detection and Ranging (LiDAR) data for LW recruitment simulation. In addition, we coupled the LWD simulation model with the hydrodynamic simulation model Basic Simulation Environment for Computation of Environmental Flow and Natural Hazard Simulation (BASEMENT-ETH) by adapting the existing LW transport model to be used on irregular meshes. The model has been applied in the Aare River basin (Switzerland) to quantify mobilized LW volumes and the associated flow paths in a probable maximum flood scenario.
Introduction
Riverine floods in many parts of the world are a threat to people, settlements, and infrastructure and thus a major cause of significant losses [1] . Analyzing flood events is therefore a prerequisite for risk management. Floods are triggered by precipitation events of high intensity or long duration. However, the local flood magnitude also depends on catchment characteristics, land use, river morphology, and the status of flood defense measures [2] [3] [4] . Especially in mountainous areas, the impacts of floods can be accentuated by sediment transport or large wood (LW) transport. Both sediment and LW transport can lead to bridge clogging with subsequent channel outbursts [5] . Concomitantly, bridges may be severely damaged and flood magnitude may be increased in the floodplain [5] [6] [7] [8] [9] . If sediment deposition in the river channel and subsequent riverbed aggradation or LW jam formation potentially occur in a specific site, obstruction of bridges due to these processes has to be considered in the In contrast, Mazzorana et al. [59] presented an approach that also considers the recruitment process. The erosion of standing trees is considered by analyzing the hydrodynamic forces. The transport of the logs is coupled with a 2D hydrodynamic model and the dynamics of single floating wood are computed on the basis of flow forces [63] [64] [65] . However, the coupling is of unidirectional type and therefore the influence of wood jams on the hydrodynamics is neglected. The logs are represented by points and the interaction between the logs and obstacles and among the logs themselves is more generalized than in the approach of Ruiz-Villanueva et al. [60] . However, this approach is, to our knowledge, the only one that considers the whole process chain of LW recruitment, transport, and deposition. The approach of Mazzorana et al. [59] requires the locations of standing trees or lying trees or logs as input data. Thus, the trees in floodplains have to be localized and classified, and their volume must be estimated. For this task, some approaches have only recently been developed. Besides the interpretation of aerial images [66] or geographic information system (GIS) analysis [26, 59] , a number of approaches for single-tree detection and classification on the basis of Light Detection and Ranging (LiDAR) data have been published [67] [68] [69] [70] [71] [72] [73] [74] [75] . These approaches significantly facilitate the preprocessing of the input data needed for LW transport models.
In summary, if risk management options have to be designed at a specific point of interest where LWD are expected to significantly influence the flood process, engineers can use simulation models explicitly dedicated to analyzing the clogging of LW at bridges while considering the interactions between the logs and a two-way coupling with the hydrodynamic model (i.e., [60] ). Regarding the estimation of upper boundary conditions for simulations of the clogging process, there is a lack of methods for (a) estimating potential LW volume standing in the flood influence zones upstream of the object at risk, (b) assessing the spatiotemporal dynamics of LW within a flood event (i.e., a time series of wood fluxes), and (c) identifying the most relevant recruitment areas that deliver LW to the point of interest (e.g., a planned bridge or weir). The latter includes the transport and deposition processes along the river reach. However, a single tool for answering all these questions is still missing. In particular, estimating wood load in terms of LW volume during extreme floods is difficult, because statistical methods are not feasible due to the rarity of observation data.
The main goal of this work was therefore to develop a tool for quantifying incoming LW fluxes at a specific point of interest in a river network as a basis for the design of wood-retention structures in a river basin. This requires the full consideration of LWD-from recruitment to transport and deposition-along the river reach upstream of the point of interest. Apart from the approach of Mazzorana et al. [59] , there are no applicable or extendable models to cover the full "process cascade" at the required spatial scale. However, the latter approach is implemented in raster-based software. As modelling LWD requires high spatial resolution, the raster approach limits the application of the model to restricted sizes of the study area. The approach of Mazzorana et al. [59] does not allow simulating LWD at the river reach scale with the required spatial resolution.
Thus, the main research question here relates to the applicability of a full model chain to simulate LWD during an extreme flood at river reach scale. Our hypothesis is that implementing the model in a vector-based, object-oriented modelling approach on the basis of irregular triangular computational meshes allows simulating LWD at the required scale and spatial resolution. Consequently, this requires modelling LW as objects (floating logs). Hence, the secondary research question relates to the development of a tree detection and volume estimation approach.
Accordingly, this paper first describes the general framework for LW recruitment and transport modelling. Second, the model is evaluated by comparing the simulation results with well-documented flood events. After this evaluation, a model application for assessing LWD during an extreme flood event is described. Finally, the results are discussed and conclusions on the use of the proposed model in flood risk management are drawn from the model evaluation and application. 
Methods
The presented approach is based on the following steps: detection and characterization of trees, hydraulic modelling, modelling of the recruitment of LW, and modelling of the transportation and deposition processes. Hence, this section is structured along this concept (Figure 1 ). First, we present the overall modelling approach. Herein, an introduction to the basic framework of LWD simulation is given. Second, the method for identifying single trees in forested areas and classifying the vegetation is described. After an explanation of the procedure for simulating hydrodynamics with Basic Simulation Environment for Computation of Environmental Flow and Natural Hazard Simulation (BASEMENT-ETH), we describe the implementation of the relevant processes of LW dynamics, i.e., recruitment, mobilization, transport, deposition, and entrapment at bridges. Herein, the basic idea and the implementation of the model are explained. The whole procedure was implemented in a set of functions programmed in R (LWDsimR (see Supplementary Materials)). The software was developed in the framework of the present study.
(upper, lower, and lateral boundaries) and temporally (duration of the event) delimited system. Water flow entering the system at the upper system boundary and leaving it at the lower system boundary is simulated by a two-dimensional hydrodynamic model. The vegetated area in the system is represented in single-tree resolution. The trees are extracted from LiDAR data and classified on the basis of forest inventory data. Single trees are represented as cylindrical objects, which may have rootstock in the form of a disc and a specific diameter. Branches, crown, and rejuvenation are neglected. Every tree is considered by the model as a point feature in space with certain attributes describing its characteristics and status during the simulation time. During the simulation, every tree has a "status" that defines whether it is rooted, lying, transported, or jammed at a bridge. Under given conditions at every time step, standing trees can therefore be recruited (eroded and mobilized) and transported into the channel. The lying trees (greenwood and deadwood) can be transported by the flood, depending on the hydrodynamic conditions. During the simulation, the trees can be deposited, remobilized, or entrapped at bridges, or can leave the system at the lower system boundary (LSB). Only trees that are standing in the influence zone of the flood (flooded areas) and are directly influenced by hydrodynamic forces are considered for recruitment. All trees outside of the flooding perimeter are neglected or have to be inserted into the system border (e.g., contributions of tributaries or provided by hillslope processes). The main input data needed for simulation are hydrographs at the upper boundary conditions, digital surface and elevation models, and data about local forest characteristics (forest inventory). While the hydrodynamic simulation is done with BASEMENT-ETH, LWD simulation and postprocessing are performed with LWDsimR. 
Basic Framework of LWD Modelling
The basic concept of LWDsimR follows the approach of Mazzorana et al. [59] and was extended with a tree recognition and classification module. LWD during a flood is simulated in a spatially (upper, lower, and lateral boundaries) and temporally (duration of the event) delimited system. Water flow entering the system at the upper system boundary and leaving it at the lower system boundary is simulated by a two-dimensional hydrodynamic model. The vegetated area in the system is represented in single-tree resolution. The trees are extracted from LiDAR data and classified on the basis of forest inventory data. Single trees are represented as cylindrical objects, which may have rootstock in the form of a disc and a specific diameter. Branches, crown, and rejuvenation are neglected. Every tree is considered by the model as a point feature in space with certain attributes describing its characteristics and status during the simulation time. During the simulation, every tree has a "status" that defines whether it is rooted, lying, transported, or jammed at a bridge. Under given conditions at every time step, standing trees can therefore be recruited (eroded and mobilized) and transported into the channel. The lying trees (greenwood and deadwood) can be transported by the flood, depending on the hydrodynamic conditions. During the simulation, the trees can be deposited, remobilized, or entrapped at bridges, or can leave the system at the lower system boundary (LSB). Only trees that are standing in the influence zone of the flood (flooded areas) and are directly influenced by hydrodynamic forces are considered for recruitment. All trees outside of the flooding perimeter are neglected or have to be inserted into the system border (e.g., contributions of tributaries or provided by hillslope processes). The main input data needed for simulation are hydrographs at the upper boundary conditions, digital surface and elevation models, and data about local forest characteristics (forest inventory). While the hydrodynamic simulation is done with BASEMENT-ETH, LWD simulation and postprocessing are performed with LWDsimR.
Identification and Classification of Trees
The detection of single trees in the forested areas is based on digital surface models (DSMs) and digital elevation models (DEMs) with a spatial resolution of 0.5 m [76] . A normalized surface model (NSM) is calculated by subtracting the DEM from the DSM. The forested area is defined by a predefined vegetation mask extracted from the land cover map LK25 of the Federal Office for Topography (SWISSTOPO). It is assumed that tree crowns are represented as local maxima in the NSM [77] . Therefore, they can be detected using a moving window approach. Here, we used a window of 3.5 × 3.5 m. A grid cell is defined as a local maximum if all of its neighbors in the window have a lower height value. To be identified as a tree, a cell has to exceed a predefined minimum height, in our case 3 m. This approach is sensitive to the size of the window. A small window generally leads to the detection of more local maxima, which can cause erroneous multidetections of large trees with big crowns and several smaller tops. With an increasing window size, the risk of multidetection decreases, but smaller and dense standing trees might be neglected. Hence, the size of the window must be chosen carefully and with regard to the prevalent vegetation structure. We used sample areas for calibration in which we measured the location and height of each tree.
After detecting the trees, the necessary attributes of every tree, namely diameter at breast height (DBH), tree height, diameter of rootstock, forest structure [78, 79] , and slope, are determined. The height of the trees can be directly derived from the NSM, whereas DBH has to be calculated on the basis of height using a regional tariff function [80] . The diameter of the rootstock can be defined as a multiple of DBH with a factor between 2 and 3 [38] or 5 [59] . The attribute "structure" represents the vegetation structure concerning the age and density according to [59] . The tree density (443 trees with a DBH ≥ 12 cm per hectare) was delineated from the forest inventory of the region "Northern Alps, West" [78, 79] . Moreover, it is necessary to determine whether a tree is standing in an area unit with predominant young vegetation and if the tree density in this area unit is above or below a predefined threshold. The attribute "slope" determines, over a threshold, whether a tree is standing in a steep or rather flat area. The threshold for defining steep slopes is 25 • . Subsequently, we estimated the volume of every tree according to the function proposed by Denzin [81] (Equation (1)). We used a form factor f of 0.5. l is the tree height.
The location of deadwood is generated as a set of random points within the forested area. The amount of deadwood (i.e., the point density for the study region) can be estimated on the basis of forest inventories. In our study, we used a density of 24 trees/hectare. We deduced the length and diameter of the deadwood from the relative frequency distribution of samples from field studies in the riparian forests of Belp, Elfenau, Rubigen, and Uttigen (n = 149). Finally, the generated greenwood and deadwood are merged into a point shapefile with a unique ID and the corresponding attributes.
Hydrodynamic Simulation
For the hydrodynamic simulation, the freely available BASEMENT-ETH software was used [14] . BASEMENT-ETH consists of 2 numerical subsystems: BASEchain for 1-dimensional numerical simulations of river reaches based on cross-section and BASEplane for 2-dimensional numeric simulation of river reaches and flood plains based on an unstructured mesh. In both subsystems, sediment transport can be considered [14] . This tool basically solves shallow water equations. The topography is represented in an unstructured flexible mesh, whereas single triangles have an assigned roughness represented by Strickler values. During the simulation, flux takes place on the edges between 2 elements in finite volume methods and the water level and velocity in the x and y directions are calculated. This hydraulic model has been extensively used and validated in the study area [82] [83] [84] [85] [86] [87] . The calculated flow variables for different time steps form the basis for the subsequent simulation of LW dynamics.
The simulation on the basis of an unstructured mesh offers some benefits for LWD modelling. In comparison to approaches based on regular grids, the size of the study area can be extended without losing too much detail within the river channel. Thus, the approach of irregular meshes is expected to be more adaptable, especially at locations with relevant discontinuities [56] . In contrast, the approach of Mazzorana et al. [59] for LWD simulation is based on regular grids. Hence, there is a trade-off between the spatial resolution of the grid and the extent of the study area. As a consequence of increased grid size, a loss in the robustness of in-stream LW transport simulation has to be expected. Therefore, here we adapted the original approach of Mazzorana et al. [59] for LWD simulation to be used on irregular meshes.
LWD Simulation
The following section explains the functionality of LWDsimR in detail. The program was written in the R programming language [88] . The transport simulation was extended with capabilities for input generation (tree identification and classification). The results of hydrodynamic simulations were used as the basis for the LWD simulation. The 2 models were unilaterally coupled and the influence of LW on the hydrodynamics was neglected. However, a simplified approach for considering the retention of LW volume by bridges was implemented.
Basically, the simulation of LWD is calculated in 2 nested loops. The function of the outer loop is to load the results of the different time steps from the hydrodynamic simulation (flow depth and velocity in the x and y directions) into the model. The function of the inner loop is to calculate the processes of LWD in a specific number of time steps during one time step of the hydrodynamic simulation. Hence, the number of iterations of the inner loop defines the number of time steps and therefore the temporal resolution of the LWD simulation. This procedure allows LWD to be simulated with a higher temporal resolution than the hydrodynamics.
During every time step of the inner loop, the following procedure is executed to calculate the LWD processes:
• Localization: For every tree, its closest 3 mesh-nodes of the hydrodynamic model are identified. On these nodes, the hydrodynamic conditions of the particular time step are read out. The conditions are interpolated at the position of the tree using the inverse distance weighting interpolation method.
• Recruitment and mobilization: Whether standing trees are standing or have fallen into the channel is checked. For standing trees, the hydrodynamic forces are analyzed to estimate the recruitment. For uprooted trees, the recruitment analysis is not needed and the flow conditions are analyzed; only recruitment processes from soil erosion in the influence zone of the flood are considered. Lateral erosion of river banks and subsequent river widening or other changes of the channel morphology are not considered. Since there is still a lack of detailed knowledge with respect to possible recruitment mechanisms, a probabilistic approach is considered. Depending on the hydrodynamic forces acting on a tree, a recruitment probability is determined on the basis of the vegetation structure and the local slope according to [59] . In a first step, the hydraulic impact C is calculated on the basis of flow depth h and flow velocity U (Equation (2)).
• On the basis of the classified hydraulic impact, the wood structure, and the slope, a probability factor of recruitment is assigned (Figure 2 ). The probability of mobilization is calculated for each time step, divided by the total number of time steps. For each tree, it is randomly defined if the status of the tree changes from "standing" to "recruited," depending on the assigned probability. A "recruited" tree is defined as an uprooted tree that has fallen due to hydrodynamic forces.
• Entrainment, transport, and deposition: For all lying trees (uprooted greenwood and deadwood), it is checked whether the conditions for entrainment are fulfilled. For simplicity, it is assumed that the density of all trees is lower than 1 and their orientation is parallel to the flow. Interactions between trees and breaking of logs are neglected. The transport process can take place under floating or rolling/sliding conditions [89] . Depending on these conditions, the transport velocity differs from a velocity equal to the streamflow for floating trees to reduced velocity for sliding or rolling trees. For a comprehensive description of the physical foundations of the transport dynamics, we refer to the literature [59] . Using the information about velocity and flow direction, the new positions for every transported log are calculated for every time step. A transported log can be deposited at a particular time step if the conditions for transportation are not fulfilled anymore, and it can be remobilized at a later time step. Transported trees that are not deposited or entrapped at a bridge reach the lower system boundary (LSB) and are not considered in the further simulation.
•
Bridge clogging: Bridges can optionally be considered in the model as polygon geometries with information about their height above the riverbed and length. If 1 or more of the 3 closest mesh-nodes of a transported tree lies within such a polygon, it is assumed that the tree is passing a bridge. In this case, it can collide with 1 or more piers or interact with the bridge deck and cause clogging [90] . As a simplification, the specific bridge structure and the flow conditions are neglected. Furthermore, if log jams are formed, they do not interact with other trees and cannot break. With regard to the randomness of this process and the lack of physical knowledge, a probabilistic approach is applied. According to [90] , the probability of a log being jammed at a bridge is the sum of all blocking probabilities on single bridge elements. The blocking probability for the piers is calculated following [91] since only the bottom width and log length are considered in the equation. The clogging probability at the bridge piers is calculated according to [92] (Equation (3)) and at the bridge deck according to [93] for trees with (Equation (4)) and without (Equation (5)) rootstocks. The total blocking probability of a tree at a bridge is the sum of the single probabilities. A random generator is used to determine, with the given probability, whether a tree is jammed or passes the bridge normally. For a detailed description of the clogging probabilities, we refer to [91] . This feature considering LW retention by clogging is optional.
prob deck log = −3.5
prob deck root = −0.074
Where l is the log length; B min is the minimal distance between bridge piers; h is the flow depth; H is the distance between river bed and lowermost edge of the bridge; d R is the diameter of rootstock; d is the diameter of log. Figure 2 . Probabilities of mobilization used in the recruitment module.
Model Test
To test and validate LWDsimR, we compared model runs with observations. We reconstructed 2 well-documented flood events with the model. The first test was done in the Aare River reach from Thun to Bern, Canton of Bern, Switzerland (see Figure 2) . We reconstructed the flood event of August 22, 2005 , and compared the simulated LW volume at the lower system boundary with the observed volume. During this flood event, the Aare River had a peak discharge of 605 m 3 /s and an estimated return period of >150 years [94] . Approximately 2300 m 3 of loose and 600-900 m 3 of solid woody material blocked the weir [95] . The flood event led to inundation of the Matte district, generating 50 × 10 6 Swiss Francs of damages [96] . Second, we tested whether the LW input delivered from the tributary Zulg River in the flood event of June 7, 2015, could be transported toward Bern as documented. Here, we first modelled recruitment and transport within the Zulg River catchment. Subsequently, we used the LW volume coming from the tributary as input to the main river and modelled the transport of LW along the Aare River toward Bern.
Modelling LWD during an Extreme Flood
Large quantities of LW transported by the Aare River to Bern pose a severe problem, since clogging of the Mattenschwelle weir can lead to severe inundation of the Matte district in the city of Bern due to backwater effects. This happened during the flood event in 2005. For sound risk management, knowledge about LWD in the Aare River and an estimation of the maximum volumes of woody material in the worst case scenario are paramount. Therefore, the focus of our attention in modelling an extreme flood scenario that explicitly takes into account LWD is the city of Bern (see Figure 3) . The main LW recruitment areas are located in the floodplain of the river Aare between Thun and Bern. In this floodplain, we considered LW recruitment due to erosion of root wads by hydrodynamic forces. Hence, we simulated LW dynamics in the Aare between Thun and Bern during an extreme flood event. This is a flood scenario of a probable maximum precipitation event [97] , with a peak discharge of 1100 m 3 /s and a duration of 40 h. The outcome of the hydrodynamic model has a temporal resolution of 20 min and the time step of LWDsimR is set to 5 s. Bridge clogging in the upstream river reaches is neglected, because only pierless and high bridges span the Aare River. The Zulg River tributary can potentially deliver relevant LW quantities to the main river. The confluence of the Zulg and Aare rivers is in Steffisburg, 3 km downstream of Thun. It is considered an important source of woody material and therefore was modelled separately first. Logs transported from the upper Zulg catchment to Steffisburg were used as input for the simulation of LWD in the Aare River. The other tributaries of the river downstream of Lake Thun do not have any relevant forests in the flood influence zones and thus do not deliver LW to the main river. LW delivered by the tributaries upstream of Lake Thun is entrapped by the lake and thus is not relevant to the point of interest. The results are saved and the LWD processes are calculated again for the next time step. The final result consists of a 3-dimensional array showing the status and location (x, y coordinates) of each log. From this, the tracking of the logs during the simulation, a video of the simulation, or the analysis of the LWD dynamics along the river reach can be derived. The volume of LW is quantified in solid form, i.e., considering the wood mass only.
Model Test
Modelling LWD during an Extreme Flood
Large quantities of LW transported by the Aare River to Bern pose a severe problem, since clogging of the Mattenschwelle weir can lead to severe inundation of the Matte district in the city of Bern due to backwater effects. This happened during the flood event in 2005. For sound risk management, knowledge about LWD in the Aare River and an estimation of the maximum volumes of woody material in the worst case scenario are paramount. Therefore, the focus of our attention in modelling an extreme flood scenario that explicitly takes into account LWD is the city of Bern (see Figure 3) . The main LW recruitment areas are located in the floodplain of the river Aare between Thun and Bern. In this floodplain, we considered LW recruitment due to erosion of root wads by hydrodynamic forces. Hence, we simulated LW dynamics in the Aare between Thun and Bern during an extreme flood event. This is a flood scenario of a probable maximum precipitation event [97] , with a peak discharge of 1100 m 3 /s and a duration of 40 h. The outcome of the hydrodynamic model has a temporal resolution of 20 min and the time step of LWDsimR is set to 5 s. Bridge clogging in the upstream river reaches is neglected, because only pierless and high bridges span the Aare River. The Zulg River tributary can potentially deliver relevant LW quantities to the main river. The confluence of the Zulg and Aare rivers is in Steffisburg, 3 km downstream of Thun. It is considered an important source of woody Water 2018, 10, 1134 9 of 19 material and therefore was modelled separately first. Logs transported from the upper Zulg catchment to Steffisburg were used as input for the simulation of LWD in the Aare River. The other tributaries of the river downstream of Lake Thun do not have any relevant forests in the flood influence zones and thus do not deliver LW to the main river. LW delivered by the tributaries upstream of Lake Thun is entrapped by the lake and thus is not relevant to the point of interest.
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Results
The reconstruction of the flood event in August 2005 resulted in a LW volume of 1774 m 3 at the lower boundary condition in Bern. This is remarkably higher than the observed volume of 600-900 m 3 . However, the latter takes into account clogged wood only. The volume of LW that passed the weir during the flood is unknown. In contrast, the simulated volume represents the volume of LW that passed the LSB. Thus, the results of simulated LW volume must be above the observed value.
The second model test showed that during the 2015 flood in the Zulg River, an LW volume of 343 m 3 was recruited in the catchment and transported to the confluence with the Aare River. This is in line with the estimation of <<600 m 3 that was observed and documented by public authorities [98] . In contrast to our simulation, landslides also contributed to LW during this flood in the Zulg River catchment. Here, we do not consider the recruitment of LW by landslides, therefore the simulated volume has to be lower than the observed volume. Logs coming from the Zulg tributary follow the thalweg of the Aare River and no implausible deposition of LW along the river banks was simulated. Along its flow in the Aare River, LW coming from the Zulg River was dispersed into a more or less dense layer. From the total LW volume of the Zulg River, 98.5% was transported to Bern in this test case. Only a small volume of LW was deposited in the confluence between the Zulg and Aare rivers. This is in line with observations along the Aare River after this flood event.
Applying the model to an extreme flood event gives the expected LW volume at the point of interest, in our case the Matteschwelle weir in Bern. An overview concerning the volume of the simulated LWD is shown in Table 1 . From the alluvial forests between Thun and Bern, with a total stock of 112,661 m 3 in the direct flood influence zone, 11,841 m 3 was recruited in the simulation; 7288 m 3 was deposited within the system and did not reach Bern, whereas 3933 m 3 was transported through the system toward the LSB, including the 343 m 3 from the Zulg River catchment. 
Applying the model to an extreme flood event gives the expected LW volume at the point of interest, in our case the Matteschwelle weir in Bern. An overview concerning the volume of the simulated LWD is shown in Table 1 . From the alluvial forests between Thun and Bern, with a total stock of 112,661 m 3 in the direct flood influence zone, 11,841 m 3 was recruited in the simulation; 7288 m 3 was deposited within the system and did not reach Bern, whereas 3933 m 3 was transported through the system toward the LSB, including the 343 m 3 from the Zulg River catchment. The temporal distribution of the simulated LWD in the Aare River is shown in Figure 4 . The hydrodynamic simulation starts with a bankfull discharge and partially flooded alluvial forests within the river bed as the initial condition. Thus, the initial recruitment rate is very high and there is a high share of deadwood. The mobilization rate soon falls to 25 m 3 /20 min and then increases again with the rising limb of the hydrograph. The share of greenwood increases, whereas the recruitment of deadwood is reduced constantly over time. The mobilization rate peaks at 250 m 3 /20 min after 5 h with flooding of the alluvial forests in the floodplain. The mobilization rate drops after the peak discharge is reached after 14 h. LW reaches Bern in 2 pulses; the first pulse occurs 5 h after the simulation start. A decrease of the rate follows before it starts to increase again around peak discharge and peaks a second time at hour 13. After a further peak, it decreases strongly. In all, 61% of the mobilized wood is deposited within the system, mostly on spots close to artificial buildings in the floodplains, such as driveways to the road that bridge over the Aare River. These hydraulic obstacles that perpendicularly cross the floodplain also act as an obstacle for LW, as well as the highway that is partially built on an earth dam ( Figure 5 ).
The recruited trees are mostly located along the banks and dams and close to the main channel. This is especially valid for the recruitment areas of LW that reach Bern ( Figure 6 ). Trees located on banks, islands, and areas close to the main channel are most exposed to the hydrodynamics. Once LW reaches the main channel, it can be transported over long distances without being deposited. Only a few selected alluvial forests (Elfenau, Zopfen, Raintalau, and Vorder Jaberg) deliver LW that reaches the LSB. The LW delivered by the Zulg River is transported to Bern.
The spatial pattern of the deposition process is different from that of the recruitment process, although deposition is also simulated along the whole river reach. The simulation of LW deposition reveals much more scattered and spotty patterns, with relevant depositions in particular areas. This can be clearly seen in the deposition map in Figure 7 . Important locations for deposition of LW within the floodplain are the Aare River bridge near Rubigen (see Figure 5) , the heightened highway between Rubigen and Münsingen, the railway bridge near Uttigen, and several spots mostly along the banks or edges of the wetted area. Major depositions are simulated mainly on 2 spots along the highway north and south of the bridge with different deposition patterns. North of the bridge, the woody material was deposited along a zone 400 m in length with shallow water depth, whereas south of the bridge the deposition accumulated on a single spot on the highway. Other specific deposition spots can be found on the left-and right-hand sides of the bridge in the upstream direction. Deposition of smaller volumes occurred in the entire floodplain. simulation start. A decrease of the rate follows before it starts to increase again around peak discharge and peaks a second time at hour 13. After a further peak, it decreases strongly. In all, 61% of the mobilized wood is deposited within the system, mostly on spots close to artificial buildings in the floodplains, such as driveways to the road that bridge over the Aare River. These hydraulic obstacles that perpendicularly cross the floodplain also act as an obstacle for LW, as well as the highway that is partially built on an earth dam ( Figure 5 ). The recruited trees are mostly located along the banks and dams and close to the main channel. This is especially valid for the recruitment areas of LW that reach Bern ( Figure 6 ). Trees located on banks, islands, and areas close to the main channel are most exposed to the hydrodynamics. Once LW reaches the main channel, it can be transported over long distances without being deposited. Only a few selected alluvial forests (Elfenau, Zopfen, Raintalau, and Vorder Jaberg) deliver LW that reaches the LSB. The LW delivered by the Zulg River is transported to Bern. The spatial pattern of the deposition process is different from that of the recruitment process, although deposition is also simulated along the whole river reach. The simulation of LW deposition reveals much more scattered and spotty patterns, with relevant depositions in particular areas. This can be clearly seen in the deposition map in Figure 7 . Important locations for deposition of LW within the floodplain are the Aare River bridge near Rubigen (see Figure 5 ), the heightened highway between Rubigen and Münsingen, the railway bridge near Uttigen, and several spots mostly along the banks or edges of the wetted area. Major depositions are simulated mainly on 2 spots along the highway north and south of the bridge with different deposition patterns. North of the bridge, the woody material was deposited along a zone 400 m in length with shallow water depth, whereas south of the bridge the deposition accumulated on a single spot on the highway. Other specific deposition spots can be found on the left-and right-hand sides of the bridge in the upstream direction. Deposition of smaller volumes occurred in the entire floodplain. 
Discussion and Conclusions
Comiti et al. [45] raised the question of whether we are able to reliably and quantitatively predict LW recruitment, transport, and deposition within a given river basin during a selected flood scenario of a given magnitude/frequency. In this paper, we presented the LWDsimR modelling tool, which enabled us to answer this question quantitatively to a certain extent in the Aare River basin upstream of Bern, Switzerland. 
Comiti et al. [45] raised the question of whether we are able to reliably and quantitatively predict LW recruitment, transport, and deposition within a given river basin during a selected flood scenario of a given magnitude/frequency. In this paper, we presented the LWDsimR modelling tool, which enabled us to answer this question quantitatively to a certain extent in the Aare River basin upstream of Bern, Switzerland.
With the presented approach, it is possible to quantify LW dynamics as a better-informed guess. The procedure could help to estimate the amount of LW volume at a specific point in a river system, especially in areas where no flood events occurred, which helps to assess LW volume empirically by analyzing past events. Implementing the simulation model on an irregular computational mesh allows the simulation of LWD in larger areas, i.e., at a river reach or basin scale. In comparison, a raster-based approach would be limited by the trade-off between spatial resolution and extent of the study area.
The comparison between the simulated and observed volumes of LW at Bern during the flood event of 2005 shows that the model may overestimate predicted LW volume. Despite the uncertainties in the observation, the model tests showed that the approach is applicable to river reaches up to 30 km in length. Moreover, the model correctly simulated the transport path of LW delivered by tributaries in the main river.
In comparison to the LW volume that obstructed the weir in Bern during the flood of 2005, the LW volume to be expected in a worst case flood is considerably higher. A flood event of a probable maximum precipitation scenario produces threefold more LW than the hitherto known most extreme flood. However, it can be assumed that the simulated LW volume transported to the LSB in Bern is rather an upper limit for several reasons. First, the total amount of recruited trees in the floodplains is likely to be overestimated due to high flow depths but relatively low flow velocities. The implemented recruitment algorithm gives large weight to flow depth. Second, a significant part of the recruited wood is not deposited within the system and therefore reaches the lower system boundary at Bern. Standing trees often function as flow obstacles for floating trees. This is not considered here. Moreover, if one flood event occurs, a share of the forest stock will be transported out of the floodplains. A subsequent flood of the same magnitude will have less LW available for recruitment. This leads to the presented approach being sensitive to the date of the forest inventory, i.e., the date of the LiDAR scan. Regarding the recruitment areas, it must furthermore be considered that the Zulg tributary likely plays a considerably more important role than in the simulation results because of the highly probable activity of landslides during an extreme flood.
Nevertheless, the simulation allows the identification of areas prone to recruitment processes of LW due to soil erosion by hydrodynamic forces and shows the ability to transport recruited logs from source areas over long distances to the LSB. Therefore, from a forest management point of view, it may be worthwhile to closely inspect the identified areas, especially those in the upstream vicinity of the point of interest, and to consider preventing massive recruitment of LW.
However, the validation and application of LWDsimR showed some limitations of the tool. The recruitment process is based on a probabilistic approach. Future developments should implement physical-based approaches that fully consider the hydrodynamic forces on vegetation and the resistance of vegetation. Furthermore, we cannot validate the number of recruited trees, because only LW volumes are given in the observation data. Moreover, the clogging process at bridges could not be validated at the time of the study. In LWDsimR, this process is considered only for the purpose of LW budgeting along the river reaches. The modelling of the clogging process has to be improved in the future. Recently, some experiments showed possible ways to improve the modelling of this process [99] [100] [101] [102] . For this question, we recommend using more detailed and fully coupled models, i.e., those in [60] .
Another open question is the transferability of the model to smaller alpine rivers and torrents. In rivers with a width on the order of a tree length or less, the transport module may overestimate the deposition and underestimate the transportation of logs toward the lower system boundary. Underestimation may also be caused by neglecting other processes like sediment transport and morphology changes during the flood. Furthermore, it has to be noted that the model neglects the input of LW into a river reach by debris flow from tributaries, by landslides, or by bank erosion and the remobilization of LW that was deposited in the channel during previous floods. These recruitment processes play an important role [52, [103] [104] [105] and have to be implemented in future versions. Thus, future developments should focus on modelling LW recruitment by these geomorphic processes. Moreover, the uncertainties in the model and the sensitivity against input data and model parameters should be analyzed thoroughly in the future. For this, implementing a parallelization scheme in the model is a prerequisite. Another limitation of the model is the requirement of reliable input data, i.e., single trees with their locations and different characteristics. These data are lacking in many regions, and hence transferability may be limited to regions with available data.
Overall, the simulation results of the LW dynamics, both the temporal and spatial dynamics, in a river reach during an extreme flood event provide important information for flood risk management. LWDsimR allows the expected volume of LW on a certain point in the river basin to be assessed by considering the actual conditions of vegetation and a specific flood scenario. This provides a basis for the design of bridges or wood-retention structures and for quantitatively assessing LWD during a worst case flood. Thus, model experiments with LWDsimR could provide a range of values of LW delivery under different flood magnitudes, providing a basis for assessing catchment behavior in terms of LW delivery and dynamics.
Analyzing the trade-off between the ecological benefits of wood in rivers and flood risk management [106] , another reason was found for using LWDsimR. With the presented model, one can identify the areas from which LW is recruited and transported toward the lower system boundary and those from which the recruited LW is not transported downstream. With this, areas that are important for ecology and for flood discharge improvement can be prioritized on the basis of a transparent and reproducible method. Therefore, the unnecessary use of wood cuts as a flood prevention measure can be avoided. 
